Metallic FeSi films, epitaxially stabilized on Si͑111͒ in CsCl structure, are investigated experimentally by quantitative low-energy electron diffraction ͑LEED͒ and theoretically by total energy calculations using density functional theory ͑DFT͒. Both methods show clearly that the surface is Si terminated. Additionally, LEED and DFT agree in retrieving an unusual multilayer relaxation of ϩ6%, Ϫ16%, and ϩ14% from the top layer into the bulk for the first three layer spacings. This relaxation pattern is explained by an enhanced covalent bonding between the subsurface iron and silicon layers.
I. INTRODUCTION
For more than a decade metal silicides grown epitaxially on silicon have been attracting intensive attention owing to their potential importance for silicon-based device technology. 1 This applies in particular to iron silicide grown on Si͑111͒ which shows, dependent on the stoichiometry, a considerable variety of structures 2 with different properties. Especially in the regime of ultrathin films, phases that are unstable as bulk structures can be synthesized exhibiting new and unexpected properties such as, e.g., supersoftness.
3 A bulk-unstable CsCl-type phase of FeSi was first reported by von Känel et al. 4 and confirmed in later investigations. 5, 6 It can be related to the bulk-stable B20 structure (-FeSi) via a trigonal distortion and relaxation of internal coordinates. 7 In thin films the CsCl phase becomes more stable than -FeSi due to the smaller lattice mismatch with the substrate ͑2% compared to Ϫ6.4% for -FeSi) and consequently the smaller elastic energy of the strained film. 3, 8 This so-called c-FeSi ͑Ref. 9͒ structure shows metallic character and as such may be used for manufacturing electric contacts on silicon. c-FeSi films of up to 10 3 Å thickness can be prepared by stoichiometric codeposition of Fe and Si. 4 For applications in microelectronics, the properties of the material with respect to environmental influences are especially important. These properties certainly depend on the films surface structure, in particular the chemical termination which, in ͑111͒ film orientation, can be either by Fe or Si layers. Yet investigations of the atomic surface structure are scarce. By comparison of measured and semiempirically calculated electronic band structures, Hinarejos et al. indirectly concluded that the topmost c-FeSi layer was Fe, a result which seemed to be supported by ion scattering spectroscopy ͑ISS͒ as published in the same paper. 6 On the other hand, Junquera et al. recently reevaluated the very same experimental band structure data by comparison to ab initio calculations and concluded that the surface should be Si terminated. 10 This makes the whole issue of the chemical termination rather contradictory.
In the present paper we resolve the problem by the joint application of experimental and theoretical structure determination techniques. On the experimental side, we use quantitative low-energy electron diffraction ͑LEED͒ which, in addition to the crystal structure and surface termination, resolves the multilayer relaxation beneath the surface. Theoretically, total energy calculations by means of density functional theory ͑DFT͒ are producing the same structural parameters. With the chemical potential being adjusted to the experimental situation, theory and experiment impressively agree: The surface is undoubtedly terminated by Si. It shows a multilayer relaxation, which is unusual with respect to the sign and relative size of relaxations of the top few layer spacings. We offer a physical explanation of our results based on the analysis of the surface bonding by calculating the local electronic density of states.
The experimental approach, including sample preparation, LEED data acquisition, and intensity analysis, is described in Sec. II. In Sec. III, the theory is outlined and the resulting electronic structure and energetic properties of the surface are presented. In Sec. IV a comparison and discussion of the results achieved experimentally and theoretically are given. Finally, Sec. V concludes the paper.
II. LEED STRUCTURE ANALYSIS

A. Sample preparation and measurements
The preparation of the films and the measurements were carried out in an ultrahigh-vacuum ͑UHV͒ chamber equipped with a reverse-view LEED optics and a 150°hemispherical analyzer for Auger electron spectroscopy ͑AES͒. As substrate, silicon pieces of 6ϫ12 mm 2 size were cut from a ͑111͒-oriented wafer of 0.5 mm thickness. They were prepared in situ by resistive heating, resulting in a clean, wellordered (7ϫ7)-Si(111) surface as verified by LEED and AES. The sample temperature was measured by means of a W/Re thermocouple which was attached to the sample's back and calibrated through an infrared pyrometer. Iron and sili-con were coevaporated using electron-heated solid-source evaporators with a quartz balance to control the evaporation rate. Compared to evaporation of iron alone and subsequent silicidation by annealing, this coevaporation leads to films of higher quality as evidenced by sharper diffraction spots and lower background in the LEED pattern. 11 Deposition of Fe and Si in the stoichiometric 1:1 ratio followed by thermal annealing at 300°C ͑approximately 10 min͒ makes the initially (7ϫ7) superstructure of clean Si͑111͒ disappear. Instead, a (1ϫ1) pattern develops whose quality was optimized by adjusting the annealing time. The 1:1 stoichiometry of the film formed was confirmed by AES. The deposition of eight monolayers ͑ML͒ of Fe and the equivalent of Si resulted in a silicide film of an approximate thickness of 13 Å ͑layer spacing approximately 0.8 Å͒.
Intensity versus energy spectra I(E) of LEED spots were recorded in UHV with a fast, video-based data acquisition system. 12 During the measurement, the sample was cooled to liquid nitrogen temperature in order to reduce thermal diffuse scattering. Normal incidence of the primary electron beam was adjusted by comparing the spectra of beams which are symmetry equivalent at this incidence such as, e.g., beams ͑0,1͒, (1,1 ), and (1 ,0). For the final data set, the influence of residual misalignment and inhomogeneities of the luminescent screen was further reduced by averaging of equivalent spectra. The resulting database included seven symmetrically inequivalent beams whose spectra cover a total energy width of ⌬Eϭ1900 eV.
B. Intensity calculations and structural search
The computation of LEED I(E) spectra was performed using the TensErLEED program package. 13 This is based on the tensor LEED perturbation method 14 -16 allowing for the fast variation of structural and nonstructural parameters. The best fit structure, i.e., the configuration in parameter space whose spectra fit best to the measured data, was found by an automated structural search procedure 17 guided by the Pendry R factor R P . 18 Error limits were estimated by the variance of the R factor, var(R P )ϭR P min ͱ8V 0i /⌬E, with V 0i ϭ6 eV the imaginary part of the inner potential describing electron attenuation. Possible correlations between parameters were neglected within the error estimation. The atomic scattering for energies up to 450 eV was described by up to nine fully relativistic and spin-averaged phase shifts. They were corrected for thermal vibrations and possible static positional disorder described by mean-square displacements ͑MSD's͒ off the lattice sites. Different MSD's were allowed for atoms in the topmost layer, second layer, and for atoms below. For the real part of the inner potential, V 0r , it was shown earlier that neglect of its energy dependence-which is due to the variation of the exchange-correlation potential-may lead to systematic errors in the resulting structural parameters. 19 Thus, its energy dependence was taken into account which, following Ref. 20 , can be approximated by 21 V 0r (E)ϭV 00 ϩmax"0.49Ϫ92.55/ ͱ(E/eV)ϩ18.51,Ϫ11.33…eV. This energy dependence was considered both for the calculation of phase shifts 21 and the fit between experimental and calculated data, whereby V 00 was allowed to vary.
The usual procedure to stack layers in the plane-wave representation of the wave field fails for the present case, since the interlayer spacing in the ͓111͔ direction is smaller than 1 Å, which causes numerical instabilities. 22 These are avoided when scattering in the full surface probed by the electrons is described by spherical waves, i.e., by treating the full surface as a single composite layer with the number of atomic planes determined by electron attenuation. Of course, the price to pay for this improved accuracy is a substantially increased computing time, since a large matrix has to be inverted. The thickness of the surface slab used was carefully checked for convergence. A total of 14 atomic planes equivalent to a thickness of about 11 Å proved to be sufficient; i.e., for thicker slabs the spectra remained practically unchanged as checked by the R factor.
The models tested where all of CsCl-type structure since this crystal structure had been determined independently by a variety of methods. 4 -6,9 The silicon substrate needed not to be included in the calculations since it is approximately 13 Å below the film surface. From this depth-consistent with the above-mentioned convergence of the slab calculation as a function of the slab thickness-virtually no LEED electrons reach the surface by backscattering due to electron attenuation. In the ͓111͔ direction, CsCl-type FeSi can be considered as stacked from layers alternatingly composed of Fe and Si, as indicated in Fig. 1 . Hence, the surface is terminated either by a Si or Fe layer. A mixture of Si-and Fe-terminated domains can be excluded as the surface has been shown to exhibit steps of only double atomic height. 4, 8 Accordingly, Fe-and Si-terminated surfaces could be tested independently in the calculations. Additionally, the vertical spacings d i,iϩ1 between adjacent layers (iϭ1 denotes the top layer; cf. 1͒ were varied down to iϭ8. For layers below, a common spacing d 0 ϭ0.805 Å was used as resulting from x-ray diffraction of very thick films 23 and from ab initio total energy calculations. 3 All atoms were allowed to vibrate isotropically whereby MSD's for atoms in the first and second layers as well as for Fe and Si atoms below were varied independently.
C. Structural results
For the search within the parameter space of an Feterminated surface, always R P у0.33 resulted. In contrast, the fit of spectra of a Si-terminated c-FeSi crystal to the experimental data is of much higher quality as reflected by an R factor R P min ϭ0.17 and a favorable visual comparison of spectra as displayed in Fig. 2 . Thus, an unambiguous decision can be made in favor of the Si-terminated c-FeSi phase, since structures leading to R P values higher than ͓R P min ϩvar(R P )͔ϭ0.20 can be ruled out by statistical arguments. 18 Before addressing the best-fit structure displayed in Table  I , we address the issue of error limits which are also given in the table. They are rather large for the top-layer spacing due to the increased vibrational amplitude determined for top Si atoms ͑0.14 Å͒ and their weak scattering compared to Fe.
Second-layer Fe atoms still vibrate considerably ͑0.12 Å͒, but due to their higher scattering strength and the reduced vibrational amplitudes in the next layers ͑Si:0.09 Å; Fe:0.08 Å͒, the next few spacings can be determined with higher accuracy in spite of the electron attenuation. Of course the latter causes increasing error limits for even deeper layers. It should be noted that the vibrational amplitudes of surface atoms being by a factor of about 1.5 larger than bulk amplitudes is consistent with common experience.
The best-fit structure shows a pronounced multilayer relaxation down to the fourth spacing as displayed in Table I ͑see the right column for relative deviations from the bulk value͒. Deeper spacings agree with the bulk value d 0 within the statistical limits of errors. Compared to bcc-type elemental metal or alloy surfaces of ͑111͒ orientation, which due to the openness of the surface exhibit a (ϪϪϩ) sequence of layer relaxations, 24 -27 the (ϩϪϩ) sequence observed for c-FeSi is rather unusual, in particular the expansion of the top spacing. While the large contraction of the second spacing fits to the general pattern, this does not hold for the strong expansion of the third spacing. Obviously, the response of the surface to the breaking of bonds suffered by surface atoms is not controlled by delocalized electrons, even though c-FeSi is metallic. To gain a deeper understanding of these observations, ab initio calculations were conducted as presented in the next section.
III. THEORETICAL ANALYSIS
A. Ab initio method
For the theoretical analysis of the FeSi surface, the ab initio pseudopotential plane-wave method FHI96SPIN ͑Ref. 28͒ based on density functional theory is employed. The generalized gradient approximation ͑GGA͒ of Perdew and Wang 29 is used for the description of the exchangecorrelation functional. To account for possible magnetic effects, a spin polarization is allowed in all calculations.
Due to the relatively large thickness of FeSi films in the experiment, the effect of the interface can be neglected. In other words, a perfect strain-free interface without any electronic coupling to the substrate is assumed. The film is thus modeled as a free-standing FeSi ͑111͒ slab. This FeSi slab consists of 15 atomic layers, and a vacuum region corresponding to the thickness of 16 atomic layers is used. Soft norm-conserving pseudopotentials of the Troullier-Martin type have been constructed with the help of the FHIPP package 30 including a pseudocore for the description of the nonlinear core-valence exchange and correlation interaction, 31 which is especially important for iron.
32
A standard silicon pseudopotential 33 and a softened iron potential 34, 35 ͑ps1͒ were employed, which allowed an energy cutoff of 70 Ry for the plane-wave basis set. The performance of this potential was carefully compared to a harder version 36 ͑ps2͒ using bulk and surface properties. For the lattice constant (a 0 ϭ2.80 Å) and the bulk modulus (B 0 ϭ2.16 Mbar) virtually the same results are obtained with the two potentials. The lattice constant is in good agreement with the experimental value 23 (a expt ϭ2.77 Å). Also, a comparison with other calculations underlines the eligibility of our All calculations have been performed using a k-point sampling within the Monkhorst-Pack scheme 38 including 12 k-points in the irreducible wedge of the Brillouin zone and an energy cutoff of 70 Ry. The film has been described using either the intrinsic lattice constant of c-FeSi or that of silicon for the lateral lattice constant. In both cases, the same layer relaxation was found despite the lattice mismatch of 2% of the unstrained FeSi͑CsCl͒ with the Si substrate. This is a consequence of the epitaxial softness of the CsCl phase. 
B. Energetically preferred surface termination
The stabilization of the FeSi surface is controlled by the energetics of the different terminations, but may be influenced by kinetic processes during the preparation of the film. A partial equilibrium between the substrate and film can be obtained, provided the mass transport is not suppressed and the desorption from the film surface is not relevant. The surface termination is then determined by the energetic criterion; i.e., the termination with the lowest surface tension dominates. The surface tension ␥ of the alloy c-FeSi is given by the Gibbs free energy G of the film and depends on the chemical potentials Fe FeSi , and silicon, Si 0 ; the factor of 2 accounts for the presence of two surfaces.
The variation of ⌬ Si is limited by the existence of other stable phases. The upper boundary is given by the formation of the elemental silicon phase (⌬ Si ϭ0). The lower boundary is imposed by the formation of other Fe-rich silicide phases or the segregation of elemental Fe, which implies that ⌬ Si cannot have values below the heat of formation, H FeSi , of c-FeSi. Our results for the surface tension of the Si-and Fe-terminated surface are shown in Fig. 3 .
For the FeSi film and the Si substrate being in equilibrium (⌬ Si Շ0), the surface tension ␥ (111),Si of the Si-terminated surface is smaller than ␥ (111),Fe of the Fe termination. The Si-terminated surface is energetically preferred. The difference between ␥ (111),Fe and ␥ (111),Si for this special case amounts to 93 meV/Å 2 or 1.25 eV per surface unit cell. Even under a pronounced Fe excess (⌬ Si ϭH FeSi ) the Si termination remains more favorable by 45 meV/Å 2 or 0.61 eV per surface unit cell compared to the Fe termination.
C. Bonding of c-FeSi and the local density of states
For the Si-and Fe-terminated surfaces our calculations reveal different types of relaxations. The layer spacings are listed in Table II . While the Si-terminated surface exhibits a (ϩϪϩϪ) relaxation sequence, the Fe-terminated surface shows a (ϪϩϩϪ) sequence. The driving force behind these relaxation patterns is the surface electronic structure. Before entering a detailed discussion in the following sections, we briefly outline the general aspects of bonding in FeSi and the interpretation of the surface electronic structure via the local electronic density of states ͑LDOS͒.
For the relatively open ͑111͒ surface the atomic coordination at the surface differs drastically from the eightfold coordination in the bulk as indicated in Fig. 4 . While atoms in the surface layer miss four nearest neighbors and three second-nearest neighbors ͓panel ͑a͔͒, one nearest neighbor and three second-nearest neighbors are missed by secondlayer atoms ͓panel ͑b͔͒. In the third layer the coordination is still reduced by one nearest neighbor ͓panel ͑c͔͒. This implies a considerable rearrangement of the electronic structure at the surface, in particular for the overcoordinated silicon.
Mäder et al. 39 shows. The weak p-d mixing can be qualitatively related to the specific crystal symmetry. In the Brillouin zone center it is strictly forbidden, so that only the states with finite quasimomentum can contribute to the p-d bonding. However, the p-d interaction is important to explain the ordering of the band structure 39 and the existence of the surface band gaps in the projected band structure of the ͑111͒ film surface. 10 The Fermi level falls into the region of a low density of states below a d-band peak originating from antibonding Fe-Febonds consistent with the crystal-field splitting. As a consequence, the low density of states at the Fermi level is hindering a magnetic ordering in FeSi. In the bulk-stable -FeSi-phase, which is by 0.07 eV per formula unit more stable, this pseudogap results in a real gap in the LDOS as discussed in Ref. 7 . The CsCl phases and -FeSi are connected via a trigonal distortion of the CsCl lattice along the ͓111͔ axis towards the rocksalt structure ͑which is unstable͒ and an additional relaxation of internal coordinates.
The role of covalent binding in the surface relaxation is revealed by the LDOS. The latter is given by
where the sum and integration over the 
D. Relaxation of the Si-terminated surface
In Table II our results for the interlayer spacing at the Si-terminated surface are listed together with the recent results by Junquera et al. 10 The authors performed DFT slab calculations based on the LDA and a basis set of atomic orbitals for silicon and iron including s-, p-, and d-orbitals. The relaxation shows an alternating (ϩϪϩϪ) sequence with an expansion of the spacing between the first two layers in agreement with the LEED results. The relaxation of the second-and third-layer spacings resulting from the calcula- tions within the GGA is larger than that obtained from the LEED analysis and the recent calculation within the LDA. The latter calculation overestimates the first-layer spacing and underestimates the relaxation below the third layer. These quantitative deviations presumably result from the different description of the Fe-Fe interaction within the LDA and GGA. However, because of the small layer spacing of the ͑111͒ surface, the absolute deviations are rather small.
A first insight into the unusual (ϩϪϩϪ) sequence is obtained by inspecting the distances of neighboring Fe-Si and Fe-Fe pairs as given in Table III . In the following, we refer to silicon and iron layers by Si i or Fe i where the index counts the layers beginning with iϭ1 at the surface. The Fe-Fe distances ͑layer Fe 2 and Fe 4 ) contract by less than 1% with respect to the bulk value ͑2.80 Å͒. Also the Fe-Si distances of the surface silicon atom only slightly deviate from the corresponding bulk value ͑2.42 Å͒. They are expanded by 0.8% with respect to the adjacent iron layer (Fe 2 ) and by 0.4% with respect to the fourth layer (Fe 4 ) as indicated by dashed lines in Fig. 4͑d͒ . Basically, the alternating layer relaxation is imposed by the contraction of the Fe-Si bonds of the subsurface iron ͑layer Fe 2 ) with its four subsurface silicon neighbors ͑thick bond lines͒: the Fe-Si bonds between the Fe atom and its three Si neighbors in the third layer (Si 3 ) and the bond with the neighbor in the fifth layer (Si 5 ) are contracted by 2.5% and 3.3%. Correspondingly, the other Fe-Si bonds of these two silicon layers are elongated.
The enhanced Fe-Si bonding that goes alongside with the relaxation is visible in the local density of states ͓Figs. 5͑a͒ and 5͑b͔͒. The largest rebonding occurs at the topmost Si layer (Si 1 ). From the inspection of the LDOS only, an enhancement of the Si-Fe backbonds is expected. The p z peak at Ϫ5 eV of the LDOS of the bulklike layer (Si 7 ) is shifted to the region between Ϫ2.7 and Ϫ1 eV. In this region a similar feature develops in the s LDOS. This indicates towards an s-p z hybridization that reduces the electron density above the surface and enhances the Fe-Si bond with the subsurface iron neighbor (Fe 4 ) underneath. A detailed analysis of the LDOS shows that there is a corresponding enhancement also in the fourth layer. At the surface, a shift of the in-plane p orbitals towards higher energies is observed additionally. A peak appears above Ϫ2 eV in the region where the LDOS of the d xz and d yz orbitals of the subsurface layer (Fe 2 ) is enhanced. This enhancement of the backbond is, however, counteracted by a reduced occupation of the p z orbitals and the corresponding d z 2 orbital in layer Fe 4 by 21% and 11% as compared to the bulk. Nonetheless, the latter weakening of the backbond is not fully compensated by the increased s occupation of 11% and the s-p z hybridization. As a result, the expansion of the Fe-Si separations of Si 1 and Si 3 with Fe 4 is rather small ͓dashed single bond in 
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Fe termination l ͑Å͒ ⌬l/l 0 ͑%͒ l ͑Å͒ ⌬l/l 0 ͑%͒ by only 3% and 6%, respectively. Overall, the Fe-Si bond to the subsurface layer (Fe 2 ) is also weakened ͑dashed double bond͒, which leads to the slightly increased layer distance. The stronger Fe-Si bonding between the first iron subsurface layer (Fe 2 ) and next silicon layer (Si 3 ) can be explained in similar terms. There is a larger occupation of the silicon p x and p y orbitals ͑ϩ5%͒ and an enhanced LDOS at energies between Ϫ5 to Ϫ4 eV and above Ϫ1 eV together with a reduced occupation of the p z orbital (Ϫ13%). So the layer relaxation is a consequence of the stronger Fe-Si coupling ͑thick bond lines͒ between the subsurface layers Fe 2 and Si 3 and a weaker coupling ͑dotted bond lines͒ of the silicon to the iron layer Fe 6 underneath (Ϫ2% d z 2 occupation͒. The contraction of the following layer distance arises from the larger overlap in the d xz and d yz LDOS of layer Fe 4 with the silicon p x and p y orbitals of layer Si 5 as compared to the next iron layer (Fe 6 ).
E. Relaxation of the Fe-terminated surface
The Fe-terminated surface shows a contraction of the first-layer spacing and a (ϪϩϩϪ) relaxation sequence ͑cf. Table II͒ . The considerable inward relaxation of the surface layer reduces the distance d 12 between the surface layer and the next silicon layer to only 0.47 Å, corresponding to a relaxation of 42% in terms of the bulk distance. This relaxation is not compensated by the expansion of the distances d 23 and d 34 between the next three layers. Hence the Fe-Si and Fe-Fe bond lengths at the surface shrink. As stated in Table III A similar but smaller relaxation for the first two layer spacings was found by Junquera et al. within the LDA. 10 However, they obtained a different (ϪϩϪϩ) relaxation sequence. This is possibly related to the fact that the LDA does not consider a magnetic ordering at the surface. On the contrary, our GGA calculations clearly show a substantial magnetic moment at the Fe-terminated surface.
The occurrence of surface magnetism is the most striking property of the Fe-terminated surface. The magnetic moment is located at the surface layer (Fe 1 ) and to a smaller extent at the third layer (Fe 3 ). It amounts to 1.8 B per surface unit cell. The largest contribution ͑68%͒ stems from the d xz /d yz orbitals at the surface layer. The remaining moment is distributed mainly among the surface orbitals d x 2 Ϫy 2, d xy , and the third-layer d z 2 orbital (Ϸ8% each͒.
An exchange splitting of the LDOS occurs at the d xz /d yz peak in the surface layer and at the d z 2 peak at the Fe 3 layer. The peak associated with the minority-spin states appears above the Fermi level, whereas the peak of the majority-spin states is located below. A pseudogap at the Fermi level is clearly visible in Fig. 5͑b͒ . The opening of the pseudogap can be qualitatively understood as follows. Due to the interaction with the potential energy barrier at the surface, the bulk LDOS peaks at about Ϫ1.5 eV are shifted towards the Fermi level. On the other hand, due to the missing neighbors, the antibonding d xz /d yz peak lowers its energy such that the Fermi level falls into the region of a high LDOS. This corresponds to a cancellation of the crystal-field splitting at the surface. A ferromagnetic ordering then splits the LDOS at the Fermi level. The exchange splitting is lower for the other orbitals at the surface, but it is clearly visible in the spinresolved LDOS. As a result of the splitting, a depopulation of the d orbitals occurs. The d z 2 occupation at the Fe 3 layer is reduced by 13% as compared to the bulk. Despite the strong interaction with the surface barrier, the occupation at the surface layer changes only by Ϫ4% (d xz ,d ) . In this region similar features develop in the p LDOS of the adjacent Si layers. The overlap of these features with the LDOS of the surface layer is more pronounced than with the third layer. Thus, covalent aspects dominate in the relaxation of the Fe-terminated surface similar to our findings for the Si termination described in the previous section.
IV. DISCUSSION
The quantitative LEED analysis presented in this paper for c-FeSi-films on Si͑111͒ clearly indicates a Si termination of the surface and reveals a structural relaxation that is in quantitative agreement with the theoretical results. On the basis of the evaluation of the surface tensions our calculations predict that the Si termination is the preferred surface termination in equilibrium between the surface and the substrate. In the experiment equilibrium is reached by a prolonged annealing at a temperature of 300°C. This situation can be regarded as a diffusive balance between the film and substrate, which serves as an infinite, yet kinetically limited Si reservoir. Thermodynamically, this corresponds to the saturation value for the chemical potential Si , i.e., ⌬ Si Ϸ0.
Recently, an alternative preparation, the deposition of a Fe film on the Si substrate and a subsequent solid-state reaction, has been demonstrated to lead also to high-quality c-FeSi-films. 11 Similar structural results as in the present study were found for this film, in particular an unambiguous Si termination. This corroborates the theoretical prediction that for slight deviations from the equilibrium with the substrate, a Fe-terminated surface should still not develop. Only if kinetic aspects suppress the equilibrium with the substrate ͑which is not expected in the analyzed films͒ may the Feterminated surface be realized. Nevertheless, it is feasible that under preparation conditions far off the equilibrium, it may be possible to generate a situation that is better represented by a higher Fe .
Yet, as mentioned in Sec. III, such Fe-rich conditions could also lead to other Fe-rich silicide phases such as the well-known Fe 3 Si. Indeed, it should be noted that for bulk Fe 3 Si crystals a temperature-dependent reversible phase transformation between the D0 3 bulk structure and the present c-FeSi phase was recently discovered at low-index surfaces. 41 Higher temperatures, at which Si is known to segregate to the surface, lead to the c-FeSi phase in agreement with the findings of the present paper. Concerning the case of FeSi films on Si͑111͒, definitely the equilibrium Si termination will be established if a well-ordered ͑1ϫ1͒ LEED pattern develops upon annealing according to the recipes used in the present experiments. So the reason for our result being at variance with the iron termination obtained by ion scattering and electronic structure measurements 6 is not clear. Interestingly, a recent reexamination of the same electronic structure data 10 has been found to favor silicon instead of iron termination. So possibly the ion scattering data were misinterpreted which can easily happen as for quantitative data evaluation atomic cross sections and the surface geometry must be known with sufficient accuracy. On the other hand, it might also be that the film investigated had not yet reached equilibrium with the substrate and some disordered Fe exists at the surface.
The surface relaxation of the Si-terminated surface is characterized by an alternating layer relaxation in a (ϩϪϩϪ) sequence. The detailed bond analysis shows that covalent atomic bonds dominate and guide the layer arrangement. With the covalent bonding we also explain the inward relaxation of the Fe-terminated surface. The relaxation pattern and the driving mechanism are unusual for typical ͑111͒ metal surfaces. There, the compression of the outermost layer distances originates 42 from the Smoluchowski smoothening 43 of the delocalized electron density at the surface. The dominance of either mechanism is not readily apparent as illustrated, for example, by the aluminum surfaces. On Al͑111͒ and Al͑100͒ a small outward relaxation is found. 44 This relaxation has been also verified by DFT-LDA calculations. 45, 46 It recently was explained theoretically 47 by an increased p-orbital-like character of the surface density of states at the Fermi level. For the ͑111͒ and ͑100͒ surface orientations the larger energetic splitting of the in-plane p orbitals from the p orbital perpendicular to the surface and the reduced occupation of the latter was shown to lead to the observed effects.
Finally, for the Fe terminated surface a magnetic moment in the topmost two layers was found theoretically. Experimentally, an Fe-termination may be achieved by a kinetically controlled preparation procedure such as limited annealing times or supplying a Fe background evaporation during the annealing process. Magnetic measurements have indeed been carried out for thicker epitaxial Fe 1ϩx Si 1Ϫx films, 48 leading to the result that if the CsCl structure is not reached in ideal stoichiometry, i.e., in Fe-rich CsCl films, a magnetic moment persists. In this case the ferromagnetism can certainly be viewed as bulk effect, yet based on an Fe-enriched structural situation. However, even for ultrathin films ferromagnetic behavior could be found in a recent x-ray absorption experiment provided that the films were not annealed until a wellordered ͑1ϫ1͒ pattern was observed in LEED. 49 This latter experiment seems to represent the nonequilibrium situation of kinetically hindered Si diffusion, i.e., a more iron-rich situation in analogy to the increased chemical potential Fe as discussed in Sec. III E.
V. CONCLUSION
Using experimental and theoretical methods, namely, quantitative LEED and ab initio DFT-GGA calculations, the equilibrium surface termination of c-FeSi thin films on Si͑111͒ is unambiguously determined to be a Si layer of the CsCl-type film structure. Quantitative agreement between experiment and theory is achieved for the layer distances in the surface slab. Down to the fourth-layer spacing we find an alternating relaxation starting with an expansion at the surface. The driving force behind this unusual relaxation stems from the enhanced covalent bonding between the subsurface iron and silicon layers. From energetic arguments we conclude that an Fe termination should not be realized when quasiequilibrium between the substrate and the film surfaces is achieved.
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